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Abstract 
A linkage disequilibrium approach with microsatellites was employed to investigate QTL affecting 
immune response. Highly inbred males of two MHC-congenic Fayoumi chicken lines were mated with 
highly inbred G-B1 Leghorn hens. Adult F2 hens (n = 158) were injected twice with SRBC and fixed 
Brucella abortus (BA). Agglutinating antibody titers were measured. Secondary phase parameters of 
maximum titers (Ymax) and time (Tmax) needed to achieve Ymax were estimated from postsecondary 
titers by using a nonlinear regression model. A three-step genotype strategy (DNA pooling, selective 
genotyping, and whole population genotyping) was used to identify microsatellite markers that are 
associated with immune response to SRBC and BA. The linkage distances between adjacent markers in 
the F2 population were estimated by Crimap. The QTL affecting immune response to SRBC and BA were 
detected based on F statistic by interval mapping. A total of five significant QTL, as determined by a 
permutation test, were detected at the 5% chromosome-wise level on Chromosomes 3, 5, 6, and Z. Two 
(Chromosome 3 and 6) of five QTL were significant at the 1% chromosome-wise level. The variance 
explained by the QTL ranged from 6.46 to 7.50%. The results suggest that regions on Chromosomes 3, 5, 
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BREEDING AND GENETICS
Genetic Markers Associated with Antibody
Response Kinetics in Adult Chickens
H. Zhou, H. Li,1 and S. J. Lamont2
Department of Animal Science, Iowa State University, Ames, Iowa 50011-3150
ABSTRACT A linkage disequilibrium approach with
microsatellites was employed to investigate QTL affecting
immune response. Highly inbred males of two MHC-
congenic Fayoumi chicken lines were mated with highly
inbred G-B1 Leghorn hens. Adult F2 hens (n = 158) were
injected twice with SRBC and fixed Brucella abortus (BA).
Agglutinating antibody titers were measured. Secondary
phase parameters of maximum titers (Ymax) and time
(Tmax) needed to achieve Ymax were estimated from
postsecondary titers by using a nonlinear regression
model. A three-step genotype strategy (DNA pooling,
selective genotyping, and whole population genotyping)
was used to identify microsatellite markers that are asso-
(Key words: genome scan, immune response kinetics, quantitative trait loci, interval mapping, permutation test)
2003 Poultry Science 82:699–708
INTRODUCTION
A major current goal in the animal breeding industry
is to improve animal health, which can be accomplished
through selection for genetic resistance to disease. Several
previous studies revealed that artificial genetic selection
for antibody response parameters efficiently improves
disease resistance in chickens (Gross et al., 1980; Siegel
and Gross 1980; Dunnington et al., 1986; Pitcovski et al.,
1993; Yonash et al., 1996). Antibody response in chickens,
which has low to medium heritability, is controlled by
QTL. The development of molecular genetic techniques
and their application in farm animals provide an opportu-
nity to investigate QTL that control quantitative traits. A
comprehensive genetic linkage map in chickens has been
developed over the last decade (Bumstead and Palyga
1992; Burt et al., 1995; Cheng et al., 1995; Groenen et
al., 1998, 2000; Schmid et al., 2000). Currently, there are
approximately 2,400 genes and genetic markers mapped
in the chicken, with a majority of these being anonymous
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ciated with immune response to SRBC and BA. The link-
age distances between adjacent markers in the F2 popula-
tion were estimated by Crimap. The QTL affecting im-
mune response to SRBC and BA were detected based on
F statistic by interval mapping. A total of five significant
QTL, as determined by a permutation test, were detected
at the 5% chromosome-wise level on Chromosomes 3, 5,
6, and Z. Two (Chromosome 3 and 6) of five QTL were
significant at the 1% chromosome-wise level. The vari-
ance explained by the QTL ranged from 6.46 to 7.50%.
The results suggest that regions on Chromosomes 3, 5,




The linkage disequilibrium, genome scan approach us-
ing anonymous molecular markers is one of the major
strategies used to identify QTL affecting economic traits.
Many studies have mapped QTL affecting several eco-
nomic important traits in farm animals (Andersson et al.,
1994; De Koning et al., 1999; Paszek et al., 1999; Lien et
al., 2000; Van Tassell et al., 2000; Malek et al., 2001). Van
Kaam et al. (1998, 1999a,b) investigated QTL affecting
body weight, growth, and feed efficiency in chickens by
using a whole genome scan. The QTL affecting suscepti-
bility to Marek’s disease virus-induced tumors in F2 in-
tercross chickens were mapped by Vallejo et al. (1998)
and Yonash et al. (2001). Yonash et al. (2001) detected
QTL affecting antibody response and survival rate in
meat-type chickens.
To achieve sufficient power to identify linkage between
marker loci and QTL with low to moderate effects re-
quires a large sample of animals to be genotyped (Darvasi
et al., 1993). The relatively high cost of marker genotyping
Abbreviation Key: BA = Brucella abortus; SNP = single nucleotide
polymorphism; TGFβ2 = transforming growth factor β 2 gene; TGFβ3
= transforming growth factor β 3 gene; Tmax = time to achieve maximum
secondary antibody titers; Y = primary antibody response; Ymax =
maximum secondary antibody titers; ZOV3 = immunoglobulin super-
family gene.
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limits these applications for genetic analysis and genetic
improvement. The DNA pooling, also called bulk segreg-
ant analysis, is an efficient method to reduce costs in
marker-QTL linkage determination by pooling DNA from
selected individuals at each of the two phenotypic ex-
tremes, which are the most informative individuals (Dar-
vasi and Soller, 1994). A whole genome scan for QTL
affecting milk protein percentage in Israeli-Holstein cattle
by selective milk DNA pooling was conducted success-
fully by Mosig et al. (2001).
The overall objective of the current study was to investi-
gate the efficiency of a three-step procedure to detect
linkages between DNA markers and QTL affecting anti-
body response kinetics to SRBC and Brucella abortus (BA)
in hens of a unique F2 resource population (Zhou et al.,
2001a), derived from an intercross between two geneti-
cally distant and highly inbred lines. First, the DNA pool-
ing technique was employed to identify suggestive micro-
satellite markers potentially associated with QTL affect-
ing antibody response, based on relative frequency
differences of microsatellite alleles between the two phe-
notypic extremes. Second, the individuals of each of the
two phenotypic extreme pools were genotyped with the
suggestive markers that had been associated with multi-
ple traits in the first step. Third, the whole population
was genotyped with a small number of markers, based
on positive results of the individual selective genotyping.
MATERIALS AND METHODS
Experimental Population
Genetically distinct, highly inbred (>99%) chicken lines,
the Leghorn G-B1 and the MHC-congenic Fayoumi M15.2
and M5.1 lines (Zhou and Lamont, 1999), were used as
parental lines. One sire from each Fayoumi line was
mated to nine dams of the G-B1 line to produce the F1
generations. From the F1 offspring of each Fayoumi sire,
four males and eight females were used to produce a
total of 158 F2 females (Zhou et al., 2001a).
Antigen Administration, Sample
Collection, and Agglutination Assays
At 19 and 23 wk of age, F2 chickens were intramuscu-
larly injected with SRBC and BA (Zhou et al., 2001a).
Blood samples were obtained from the peripheral vein
of the wing of each bird preceding each immunization
to determine the baseline antibody level, and at 7 d after
primary immunization, and at 4, 7, 10, 18, 32, and 63 d
after secondary immunization. Blood was allowed to clot
for approximately 4 h. Sera were collected after centrifug-
ing the blood samples and stored at −20°C until all assays
were run simultaneously. The SRBC and BA antibodies
were assayed by agglutination (Zhou et al., 2001a).
3GenScan 2.1, 1989–1996, Perkin Elmer Corp., Foster City, CA.
Genotyping Procedures
for Microsatellite Markers
Chicken DNA was isolated from venous blood. The
PCR procedure was carried out as described by Cheng
et al. (1995) by using fluorescently labeled primers (cour-
tesy of the US National Animal Genome Research Pro-
gram Poultry Coordinators). The PCR products were
pooled in multiplex where applicable, then loaded onto
a polyacrylamide-sequencing gel and processed on an
ABI 377 DNA Sequencer. GenScan 2.1 software3 was used
to determine the alleles.
Pooling of DNA Samples
After DNA extraction, an aliquot from each individual
was diluted in water to give a calculated concentration
of 50 ng/µL based on optical density at 260 nm deter-
mined by a spectrophotometer. The concentration of di-
luted DNA samples was also verified to be consistent by
visualization after agarose gel electrophoresis. Each DNA
pool was independently formed in duplicate by combin-
ing equal amounts of DNA samples from the 20% of the
individuals constituting each phenotypic extreme of the
F2 populations for each of the eight traits. This resulted
in a total of 32 DNA pools (2 duplicates × 2 phenotypic
extremes × 8 traits).
Determination of Microsatellite Allele
Frequency and Criteria for Determining
Suggestive Microsatellite Markers
Each inbred parental line had only one allele for each
microsatellite. The height of each GenScan peak was used
to estimate the approximate relative allele frequencies in
pools, based on the assumption that peak height is di-
rectly proportional to the amount of DNA for that allele
(Kirov et al., 2000). The mean of the two values of the
duplicate pools was used to estimate the allele frequency
for each pool. The criterion to designate a suggestive
difference in microsatellite allele frequency was set to a
> 0.15 allele frequency difference between high and low
pool for a trait, based on the report by Khatib et al. (1994).
Genotyping for the Chicken Transforming
Growth Factor β-2 (TGFB2)
and β-3 (TGFB3) Genes
and Ig Superfamily Gene ZOV3
For interval mapping, the studied regions were on
GGA3, 5, 6, and Z. The genes TGFB2, TGFB3, and ZOV3
are located on chicken Chromosome 3 (GGA3), GGA5,
and GGAZ, respectively, near the microsatellite markers
used in these chromosomes for interval mapping. The
genes, therefore, were used as additional genetic markers
for linkage mapping and interval mapping analysis.
There were single nucleotide polymorphisms (SNP) in
the chicken TGFB2 promoter region, TGFB3 intron 4 re-
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TABLE 1. Means and SD of antibody response parameters to SRBC and Brucella abortus in F2 hens
SRBC Brucella abortus
Variable Y1 Tmax2 Ymax3 Equilibrium4 Y Tmax Ymax Equilibrium
N5 154 141 141 157 153 119 119 157
Mean (log2) 5.04 11.68 5.56 3.83 10.25 15.60 8.63 7.26
SD 1.83 9.32 1.24 0.88 1.75 10.44 1.53 1.43
1Primary antibody response.
2Time required to achieve maximum secondary antibody titers.
3Maximum secondary antibody titers.
4Equilibrium phase antibody titers.
5Number of individuals.
gion, and ZOV3 exon region between the G-B1 Leghorn
line and both Fayoumi lines (Zhou et al., 2001b). A PCR-
RFLP assay was conducted with these SNP to genotype
the F2 population (Zhou et al., 2001c; Li et al., 2003).
Statistical Analysis
The analyses of antibody response were separately con-
ducted by antigen (SRBC and BA) and by phase (primary,
secondary, and equilibrium). For the SRBC and BA pri-
mary phase, the single time-point measurement taken at
7 d postprimary immunization (Y) was used. Secondary
phase parameters of maximum titers (Ymax), and time
(Tmax) needed to achieve maximum titers were estimated
from seven individual time-point postsecondary titer val-
ues by using a nonlinear model (Weigend et al., 1997).
For the equilibrium phase, the titers of the last three sam-
ple times were used to calculate the mean of the phase
(Zhou et al., 2001a). This yielded a total of eight antibody
kinetics traits analyzed in the population.
The general linear model tests for associations between
individual marker and antibody response parameters
were conducted using the JMP program4 (Sall and Leh-
man, 1996). For the chromosome or linkage group with
more than three microsatellites or genes, marker linkage
maps for this F2 resource population were computed with
Crimap version 2.4 software (Green et al., 1990), by using
the flips and all options to get the best order of the markers
and the fixed option to obtain the map distances. The
maps were then used for QTL analysis of the three au-
tosomes and the Z chromosome by using the line cross
least square regression interval mapping program (Haley
et al., 1994).
Marker information was used to calculate the probabili-
ties that an F2 offspring inherited none, one, or two alleles
from each line for a putative QTL at each 1-cM position
in the genome. Based on these probabilities, additive and
dominance coefficients were obtained for the putative
QTL, contrasting average QTL alleles from the two line
origins.
Detection of QTL was based on an F statistic that was
computed from sums of squares explained by the additive
4SAS Institute Inc., Cary, NC.
and dominance coefficients for the QTL. Significance
thresholds of the F statistic were derived at the chromo-
some-wise levels on a single-trait basis by the permuta-
tion test of Churchill and Doerge (1994). A total of 5,000
random permutations of the data were performed. Per-
centage of F2 variance explained by model was calculated
as following:
variance % = 100 × (RMS − FMS)/RMS,
where RMS is defined as residual mean square from the
reduced model omitting QTL but including all fixed ef-
fects, and FMS is defined as residual mean square from
the full model including QTL and all fixed effects. The
χ2 test was performed with genotype distribution be-
tween the low pool and high pool for the suggestive
microsatellite markers at the selective genotyping stage.
RESULTS
Trait Parameter Means and SD
The means and SD of each antibody response parame-
ter of the F2 hens are presented in Table 1. For the second-
ary antibody response phase, parameters occasionally
could not be estimated if the seven time points of an
individual did not fit the nonlinear model curve.
Genome Coverage and Three-Stage
Genotyping Procedure
The East Lansing chicken genome map was used to
select microsatellites at the initiation of the present study.
Approximately 200 microsatellites across the genome
were selected to identify polymorphisms between the
founder lines. Of these, 66 evenly distributed informative
microsatellite markers were selected. The 66 markers cov-
ered 22 of the 41 linkage groups of the East Lansing
chicken genome map: eight macrochromosomes, the Z
chromosome, and 13 small linkage groups. With an aver-
age 40-cM interval between adjacent microsatellites, the
total genome coverage of the current study was about
70%.
There were three stages in the present study. Stage 1
was DNA pooling. There were a total of eight phenotypic
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TABLE 2. Suggestive microsatellite markers for primary, secondary, and equilibrium phase immune
response in chickens, based on allele frequency difference of more than 0.15 between
the low and high pools at the DNA pooling stage
Y1 Tmax2 Ymax3 Equilibrium4
Marker Location Marker Location Marker Location Marker Location
SRBC
ADL0022 Z ADL0201 Z ADL0201 Z ADL0022 Z
ADL0023 5 MCW0078 5 MCW0078 5 MCW0038 5
ADL0184 W12 ADL0255 4 ADL0023 5 ADL0123 W10
ADL0019 W1 MCW0294 Z ADL0142 6 ADL0201 Z
ADL0198 1 MCW0061 1 MCW0100 8 ADL0279 W7
ADL0217 2 LEI0097 6 LEI0097 6
LEI0090 W25 MCW0018 1 LEI0115 3






ADL0039 E18 ADL0184 W12 ADL0304 7 MCW0100 W8
ADL0217 2 MCW0211 W15 MCW0211 W15 MCW0217 3
ADL0184 W12 LEI0043 3 LEI0043 3 ADL0184 W12
MCW0240 W4 MCW0083 3 MCW0083 3 ADL0201 Z
ADL0253 5 MCW0198 W22 MCW0100 8 MCW0294 Z
MCW0211 W15 ADL0298 5 LEI0097 6




2Time required to achieve maximum secondary antibody titers.
3Maximum secondary antibody titers.
4Equilibrium phase antibody titers.
5BA = Brucella abortus.
traits (four for each antigen). The DNA from the 20% of
individuals with high phenotypic value and 20% of low
phenotypic value in the F2 resource population were sepa-
rately pooled. Replicate DNA pools were made indepen-
dently. The 66 microsatellite markers were used to geno-
type the total of 32 DNA pools (2 antigens × 4 antibody
traits × 2 phenotypic extremes × replicate pools = 32
pools). Of a total of 528 marker-trait combinations (66
microsatellites × 2 antigens × 4 antibody traits), 38 sugges-
tive microsatellite markers were found for the eight traits
(Table 2). Stage 2 was selective genotyping. Individuals
from the phenotypic high pool and low pool were geno-
typed. Focus was on only eight suggestive markers that
were associated with multiple antibody parameters or
located on a chromosome with multiple suggestive mark-
ers. The LEI0043 and MCW0083 markers on chromosome
3, the ADL0023 and MCW0078 markers on chromosome
5, the LEI0097 marker on chromosome 6, the ADL0201
and MCW0294 markers on chromosome Z, and the
ADL0184 marker on E31 were chosen for selective geno-
typing. Stage 3 was whole population genotyping. For the
microsatellites that were positive at the first two stages,
polymorphic flanking microsatellites around 20 to 30 cM
were screened by individually genotyping the entire F2
population. A total of 16 microsatellites were used to
genotype the whole population: MCW0083 and LEI0043
on GGA3; MCW0078, ADL0023, ADL0292, and LEI0145
on GGA5; LEI0097, LEI0196, ADL0138, and ADL0230 on
GGA6; MCW0294, ADL0201, LEI0111, and ADL0250 on
GGAZ; and ADL0184 and ADL0290 on E31.
Comparison of Allele Frequency
of Microsatellites Estimated from DNA
Pooling with that Determined by Selective
Individual Genotyping and χ2 Test
for Genotype Distribution
from Selective Genotyping
For the suggestive markers that had more than one
marker-trait association at the DNA pooling stage, allele
frequencies of microsatellites from the Leghorn line of the
low and high pools for both DNA pooling and selective
genotyping stages are presented in Table 3. The allele
frequency differences between the low and high pools
were consistent at both stages, except for the MCW0078
marker with Tmax to SRBC and the ADL0184 marker
with Tmax to BA. There were significant (P < 0.05) differ-
ences of genotype distribution between the low and high
pools with the LEI0043 marker and the MCW0083 marker
on Tmax to BA, with the LEI0097 marker on Ymax to
SRBC, and with the MCW0294 and ADL0201 markers on
equilibrium antibody response to BA based on the χ2 test
of the selective genotyping allele frequency.
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TABLE 3. Allele frequencies from Leghorn line of low and high pools from DNA pooling stage and from selective genotyping stage
and χ2 (P-value) test of selective genotyping stage results for eight microsatellites
LEI0043 MCW0083 MCW0078 ADL0023 LEI0097
BA1 BA SRBC SRBC SRBC BA
Method Pool Tmax2 Ymax3 Tmax Ymax Tmax Ymax Y4 Ymax Ymax Equil.5 Ymax
DNA pooling Low 0.66 0.49 0.71 0.62 0.53 0.84 0.3 0.63 0.5 0.56 0.66
High 0.51 0.65 0.49 0.46 0.73 0.66 0.54 0.38 0.33 0.38 0.43
Selective genotyping Low 0.68 0.48 0.7 0.64 0.55 0.6 0.38 0.58 0.51 0.51 0.55
High 0.4 0.64 0.4 0.48 0.53 0.45 0.55 0.43 0.33 0.4 0.36
χ2 (P-value) 0.03 0.27 0.03 0.33 0.95 0.21 0.15 0.12 0.0048 0.14 0.3
MCW0294 ADL0201 ADL0184
SRBC BA SRBC BA SRBC BA
Tmax Equil. Tmax Ymax Equil. Equil. Y Y Tmax Equil.
DNA pooling Low 0.6 0.75 0.55 0.66 0.57 0.56 0.36 0.32 0.46 0.4
High 0.38 0.37 0.72 0.51 0.41 0.33 0.64 0.47 0.61 0.58
Selective genotyping Low 0.57 0.6 0.4 0.53 0.57 0.71 0.42 0.43 0.48 0.45
High 0.4 0.3 0.5 0.43 0.33 0.33 0.57 0.52 0.52 0.53
χ2 (P-value) 0.19 0.02 0.43 0.43 0.06 0.02 0.29 0.32 0.02 0.66
1Brucella abortus.
2Time required to achieve maximum secondary antibody titers.
3Maximum secondary antibody titers.
4Primary antibody response.
5Equilibrium phase antibody titers.
Main Effects (P values) of Microsatellite
Markers on Chicken Antibody
Response to SRBC and BA
The P-values of main effects are shown in Table 4. There
were significant associations of MCW0083 and LEI0043
on GGA3 with primary antibody response to BA and
equilibrium antibody response to SRBC, respectively.
There were significant main associations between
TABLE 4. Main effects (P-values) of general linear model test with microsatellite markers on chicken
antibody parameters of primary, secondary, and equilibrium phase
to SRBC and Brucella abortus (BA) in F2 hens
SRBC BA
Chromosome Markers Y1 Tmax2 Ymax3 Equilibrium4 Y Tmax Ymax Equilibrium
3 MCW0083 NS5 NS NS NS 0.006 NS 0.104 NS
3 LEI0043 NS NS NS 0.007 NS 0.092 NS NS
5 MCW0078 0.093 0.052 NS NS 0.023 NS NS NS
5 ADL0023 NS 0.054 0.052 NS 0.132 NS NS NS
5 ADL0292 NS NS NS NS NS NS NS 0.124
5 LEI0145 NS NS NS NS NS NS NS NS
6 LEI0097 NS NS 0.008 NS NS NS 0.047 0.003
6 LEI0196 NS NS 0.192 NS NS NS NS NS
6 ADL0138 NS NS NS NS NS NS NS 0.08
6 ADL0230 NS NS NS NS NS NS NS NS
Z MCW0294 NS 0.034 NS NS NS NS NS 0.002
Z ADL0201 NS 0.049 NS NS NS NS NS 0.004
Z LEI0111 NS NS NS 0.201 NS 0.154 NS NS
Z ADL0250 NS 0.202 NS 0.184 NS 0.151 NS 0.123
E31 ADL0184 0.042 NS NS NS 0.204 0.031 NS NS
E31 ADL0290 NS 0.012 0.102 NS NS 0.014 NS NS
1Primary antibody response.
2Time required to achieve maximum secondary antibody titers.
3Maximum secondary antibody titers.
4Equilibrium phase antibody titers.
5NS = P > 0.20.
MCW0078 and Tmax to SRBC and primary antibody re-
sponse to BA and between ADL0023 and Tmax and Ymax
to SRBC on GGA5. There were significant main effects
of LEI0097 on GGA6 on Ymax to SRBC and BA and
equilibrium phase antibody response to BA. Significant
associations between MCW0294 and ADL0201 on GGAZ
and Tmax to SRBC and equilibrium phase antibody re-
sponse to BA were found. There were significant associa-
tions between ADL0184 and primary antibody response
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TABLE 5. Estimated significance levels (F value), location, gene effects and percentage of F2 variance
explained by model at the 5% chromosome-wise level for antibody response kinetics
to SRBC and Brucella abortus (BA)
Mean Additive Dominance
Location Variance
Trait GGA (cM) F value Effect SE Effect SE Effect SE %
YES1 3 17 6.20 3.26 0.17 −0.07 0.16 1.06 0.30 6.76
YB2 3 94 7.37 9.33 0.31 0.81 0.31 1.25 0.48 7.50
Tmax3 5 8 6.42 13.44 1.31 −4.03 1.29 −4.97 2.06 6.46
YEB4 6 50 6.90 7.23 0.18 0.66 0.18 −0.10 0.28 6.98
YEB Z 28 6.75 6.54 0.50 −0.10 0.50 1.32 0.61 6.82
1Equilibrium phase antibody titers to SRBC.
2Primary antibody response to BA.
3Time to achieve maximum secondary antibody titers.
4Equilibrium phase antibody titers to BA.
to SRBC and Tmax to BA and between ADL0290 and
Tmax to SRBC and BA on E31.
Significance Thresholds
The significance levels at the 5 and 1% levels for indi-
vidual chromosomes, as determined by the permutation
test, differed slightly by trait but more substantially by
chromosome. Therefore, the average thresholds across
the eight investigated traits for each chromosome were
used. Average 5 and 1% chromosome-wise thresholds
ranged from 3.97 to 5.92, and 6.37 to 8.67, respectively.
Antibody Response Kinetics QTL Mapping
Estimated QTL that are significant at the 5% chromo-
some-wise level, location, gene effect, and percentage of
F2 variance explained by each QTL are presented in Table
5. The QTL plots of the F statistic across chromosomes
are shown in Figure 1 with QTL significance at the 5%
chromosome-wise level. Some plots suggested evidence
for multiple QTL in adjacent intervals for the same trait
(Figure 1d); however, only results for the most significant
position were included in Table 5 because only a single
QTL model was conducted.
A total of five QTL were detected at the chromosome-
wise level for the eight traits evaluated in the present
study, not counting potential multiple QTL in adjacent
intervals. There were QTL identified affecting equilib-
rium phase antibody response to SRBC (between LEI0043
and MCW0083) and primary antibody response to BA
(between MCW0083 and TGFB2) on GGA3, with QTL
accounting for 6.76 and 7.50% of the F2 variance, respec-
tively. A QTL affecting Tmax to SRBC (between TGFB3
and LEI0145) at the 5% chromosome level on GGA5 was
detected, with the QTL accounting for 6.46% of the F2
variance. There were QTL identified for equilibrium anti-
body response to BA on GGA6 (very close to LEI0097)
and GGAZ (close to ADL0201), with the QTL explaining
6.98 and 6.55% of the variance, respectively. For the five
QTL, two QTL (primary antibody response to BA on
GGA3 and equilibrium antibody response to BA on
GGA6) were significant at the P < 0.01 level, and the
significance level of another two QTL (equilibrium anti-
body response to SRBC on GGA3 and Tmax to SRBC on
GGA5) were close to the 0.01 level. Based on the additive
effects and dominance effects of five QTL, all QTL showed
overdominance, except the equilibrium phase antibody
response to BA on GGA6.
DISCUSSION
The genetic linkage distances between markers in the
F2 population (data not shown) were nearly consistent
with the chicken consensus map. The map order of the
markers was the same in the two maps, except for a
reversal in order between ADL0250 and MCW0294 on
GGAZ (Groenen et al., 2000).
Mapping of QTL is one of the major research interests
in poultry genomics (Burt, 2002). Microsatellite markers
that are distributed evenly throughout the genome pro-
vide an opportunity to detect QTL, given an appropriate
resource population. The principle behind QTL mapping
is based on linkage disequilibrium between alleles at a
marker locus and alleles at the linked QTL. The F2 popula-
tion design is more powerful than the backcross design
to detect additive and dominant effects (Falconer and
Mackay, 1996). Therefore, a resource population derived
from two genetically distant, highly inbred parental lines
with differences in the trait of interest will be an optimal
one. Yonash et al. (1999) and Vallejo et al. (1998) detected
significant QTL affecting susceptibility to Marek’s disease
in egg-type chickens with such a population design.
Marker spacing between 10 and 40 cM is an appropriate
choice at the initial scan for QTL (Soller and Andersson,
1998). Therefore, the current study, with unique popula-
tion design, was able to support the detection of the QTL
affecting antibody response kinetics in adult chickens.
A very large number of genotyped individuals with a
large number of genetic markers are required to achieve
the theoretical high power needed for detecting QTL
(Soller, 1990). The use of selective DNA pooling can
greatly reduce the costs and the amount of laboratory
work for screening large number of individuals. Mosig
et al. (2001) demonstrated that 4,400 pool data points had
the equivalent statistical power of 600,000 individual data
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FIGURE 1. F-ratio curves following interval mapping analyses of chicken chromosome 3, 5, 6, and Z for antibody response kinetics to SRBC
and Brucella abortus (BA). a) F-ratio curve of chicken chromosome 3 for primary antibody response to BA (YB) and equilibrium phase antibody
titers to SRBC (YES). b) F-ratio curve of chicken chromosome 5 for time to achieve maximum secondary antibody titers to SRBC (TmaxS). c) F-
ratio curve of chicken chromosome 6 for equilibrium phase antibody titers to BA (YEB). d) F-ratio curve of chicken chromosome Z for YEB.
Arrows on the x-axis indicate the marker position. Lines are provided for 5% chromosome-wise level (—), and the 1% chromosome-wise level
(.........) significance.
points. Therefore, selective DNA pooling was applied for
the initial genotyping of the current study to identify
suggestive microsatellite markers for the second stage of
selective genotyping. The rather liberal criterion of 0.15
allele frequency difference between the high and low
pools for the first stage was based on the premise that
subsequent stages would reject false positive markers ac-
cepted at the first stage. The criterion for the second stage
was more conservative. Only the suggestive markers that
had multiple marker-trait associations were selected for
this stage. To evaluate the accuracy of the DNA pooling
technique, allele frequency differences between the low
and high pools at the DNA pooling stage and the selective
genotyping stage were compared. More than 90% (19 of
21) marker-trait allele frequencies were consistent be-
tween the two stages, or allele frequency differences were
close to 0.15. This result indicated that the DNA pooling
method was accurate in the present study. For these se-
lected markers, there were significant (P < 0.05) associa-
tions between all markers and at least one trait, based
on the whole population genotyping results. This result
indicates that the three-step procedure of the present
study to identify microsatellite affecting antibody re-
sponse was efficient and successful. The efficiency of the
pooling and selective genotyping of the first two stages
reduced total cost and time needed to conduct the pro-
cedure.
The DNA pooling technique is based on the assumption
that differences in marker allele frequencies between high
and low phenotypic value pools are highly correlated
with differences in frequencies of homozygotes (Dekkers,
2000). No such limitation was required, however, to esti-
mate additive effects. Estimates of dominance effect
might be biased, based on contrasting the low or high
pools to the mean of all individuals rather than con-
trasting the low pool to the high pool.
There existed some inconsistency with associations
among the three-step procedures, such as MCW0083 and
LEI0043 on GGA3. The allele frequency differences be-
tween high and low pools at DNA pooling stage (0.16
and 0.16) for MCW0083 and LEI0043 with Ymax to BA
were consistent with the value (0.18) at selective genotyp-
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ing stage. But the χ2 tests with genotype distribution
between high and low pools were not significant (P >
0.2). There were, however, also no significant associations
between both markers and Ymax to BA at α = 0.05 level.
Several factors might affect the association results: First,
the allele frequency difference between the high and low
pools might not be big enough to result in a significant
association with the whole population. Second, the two
markers might be false positives (Type I error), or the
statistical power not be enough to detect significance us-
ing the whole population, because more individuals with
intermediate phenotypic value were added.
Allele frequency difference could not be used as the
only criteria to effectively select microsatellites for whole
population genotyping stage. The overdominance effect
can be detected by the χ2 test, while it cannot be detected
by allele frequency difference. Therefore, the χ2 test could
be another criteria for selecting markers. There were two
marker-trait combinations (LEI0043 on equilibrium anti-
body response to SRBC and ADL0184 on Tmax to BA)
that had very small allele frequency difference between
low and high pools (0.03 and 0.02, respectively). How-
ever, the χ2 test with genotype distribution between the
high and low pools for both marker-trait associations
were significant (P < 0.05), and significant associations (P
< 0.05) were found with whole population genotyping.
The mean of the phenotypic value of three genotypes
strongly suggested that there was overdominance for
both traits, which might explain why significant associa-
tions still could occur with small allele frequency differ-
ences between pools.
Based on the results, there was general agreement be-
tween the χ2 test with genotype distribution between
high and low pools and whole population genotyping
analyses, except for two of 21 marker-trait combinations
(LEI0043 and MCW0083 on Tmax to BA). The individuals
from two extreme phenotypic pools generally account for
the most variation for QTL mapping (Dekkers, 2000). For
LEI0043, the P-value for whole population genotyping
analyses was 0.09 (close to significant level). For
MCW0083, the P-value for whole population genotyping
analyses was 0.38, which was far from the significant
level. The disagreement among the allele frequency differ-
ence, χ2 test, and whole population analysis suggests that
the rest of individuals outside two the phenotypic ex-
tremes did not support the associations detected in selec-
tive genotyping (Type I error). More than 90% of marker-
trait associations were accurately predicted by the criteria
of both allele frequency difference between pools and χ2
test during the selective genotyping stage. On the other
hand, the selection criteria at the selective genotyping
stage might be so stringent that some suggestive markers,
which might be associated with some antibody response
parameters, were eliminated before the next stage (Type
II error).
The major advantage of interval mapping over individ-
ual marker analysis is that QTL position and effect can
be separated. Three candidate genes (TGFB2, TGFB3, and
ZOV3) were added to the microsatellites as additional
genetic markers for interval mapping analysis in this
study. Comparing interval mapping analysis with indi-
vidual marker analysis, only markers with < 0.01 in indi-
vidual marker analysis can be detected in interval map-
ping analysis at the chromosome-wise significance level.
The variance estimate for the QTL in the present study
ranged from 6.46 to 7.50%. Three out of five QTL had
much greater dominance effects than additive effects.
Presence of overdominance effect is not unexpected in
traits of the immune system, because the immune system
needs multiple alleles to code proteins to meet challenges
representing the full variety of environmental antigens.
For other biological systems, a single optimal allele often
evolves or is selected to be present in high frequency.
In summary, the combination of allele frequency differ-
ences between low and high phenotypic DNA pools and
the χ2 test at the selective genotyping stage was more
successful in selecting markers for the whole-population
genotyping stage than was only allele frequency differ-
ence. Individual marker analysis suggested that the re-
gions of GGA3, GGA5, GGA6, E31, and GGAZ contain
QTL affecting antibody response kinetics to SRBC and
BA in adult chickens. There were five significant QTL
identified at the 5% chromosome-wise level based on
interval mapping analysis.
Selection for high antibody response to SRBC has re-
sulted in correlated changes in increased resistance to
Marek’s and Newcastle diseases and Eimeria tenella (Mar-
tin et al., 1990; Boa-Amponsem et al., 1997). Increased
immunity in hens is crucial to protect chicks from various
pathogens through the transmission of maternal antibod-
ies. The results of the present study lay the foundation
for application of marker-assisted selection to improve
passive immunity in chicks. As in all QTL studies, before
application of the results in commercial populations, dif-
ferent resource populations should be examined to verify
the linkage and associations identified in the current
study. Additional genetic markers in these genomic re-
gions can be used to fine map the QTL affecting antibody
response in chickens. In addition, the QTL found in the
present study will be beneficial in the positional candidate
gene approach to identify causal genes responsible for
antibody response in chickens.
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